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We  report  on  the  synthesis  and  functional  properties  of  nanoscale  (~50nm)  dense  Y-doped  zirconia 
(YDZ)  electrolyte  thin  films  by  photon-assisted  oxidation  of  Zr-Y  precursor  alloy  thin  films.  Crystalline 
zirconia  films  with  grain  size  of  ~5  nm  were  successfully  grown  at  room  temperature  by  oxidation  under 
ultra-violet  (UV)  photon  irradiation.  Microstructure  of  the  films  was  characterized  by  transmission  elec¬ 
tron  microscopy.  The  electrochemical  conductivity  of  UV  grown  YDZ  electrolytes  was  investigated  over  a 
broad  range  of  temperatures  using  Pt  electrodes  as  a  function  of  yttria  doping  concentration.  The  slightly 
lower  electrical  conductivity  in  UV  grown  films  at  intermediate  temperature  range  (400-550  °C)  is  con¬ 
sistent  with  previous  reports  on  oxygen  defect  annihilation  under  photo-excitation.  Micro-fuel  cells 
utilizing  such  ultra-thin  YDZ  membranes  yielded  -12mW  cm-2  power  density  at  550  °C.  The  results  are 
of  potential  relevance  in  advancing  low  temperature  ultra-thin  oxide  membrane  synthesis  for  energy 
applications. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  thermal  photo-excitation  during  oxidation  of  precursor  alloys 
is  a  promising  low  temperature  route  for  the  synthesis  of  ultra-thin 
oxides.  Particularly,  ultra-violet  (UV)  photon  illumination  intro¬ 
duces  photochemical  reactions  producing  active  oxygen  species, 
leading  to  enhanced  oxygen-related  kinetics  even  at  room  tem¬ 
perature  [1,2].  In  previous  studies,  UV-assisted  growth  has  been 
successfully  used  to  enhance  oxidation  rate  [3-7],  oxygen  concen¬ 
tration  [8,9],  crystallinity  [10-12],  and  electrical  properties  [13-16] 
of  ultra-thin  oxide  thin  films  at  low  temperature.  Among  vari¬ 
ous  technological  applications  of  nanoscale  thin  films,  micro-solid 
oxide  fuel  cells  (fiSOFC)  have  been  gaining  increasing  attention  in 
recent  years  [17-22].  The  use  of  nanoscale  electrolytes  can  result 
in  a  decrease  of  ohmic  resistance;  thereby  possibly  an  attractive 
option  to  lower  the  SOFC  operation  temperature  down  to  <600  °C 
[23].  Presently,  various  deposition  techniques  for  the  synthesis  of 
ultra-thin  oxide  electrolytes  are  being  explored  [24-28],  and  so  far 
to  the  best  of  our  knowledge,  photon-assisted  oxidation  of  precur¬ 
sor  alloys  and  their  conductivity  properties  has  not  been  reported. 
UV  oxidation  is  an  unique  approach  since  it  can  enable  formation 
of  dense  conformal  ultra-thin  crystalline  oxide  films  with  atomi¬ 
cally  tailored  stoichiometry  at  near  room  temperatures.  Such  low 
temperature  synthesis  is  particularly  attractive  for  p,SOFC  applica¬ 
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tions  because  it  introduces  minimal  effect  from  unwanted  mixing 
and  degradation.  Furthermore,  low  temperature  selective  enhance¬ 
ment  of  anion  kinetics  is  an  attractive  method  to  investigate  the  role 
of  oxygen  non-stoichiometry  in  nanometer  scale  materials  where 
significant  differences  in  structural,  electrochemical,  and  mechani¬ 
cal  properties  have  been  observed  [29-31  ].  In  this  article,  we  report 
on  the  synthesis,  structure,  and  high  temperature  electrochemi¬ 
cal  properties  of  yttria-doped  zirconia  (YDZ)  thin  films  grown  by 
ultra-violet  (UV)  oxidation  of  Zr-Y  metal  alloys  and  demonstrate 
elementary  micro-fuel  cells  using  this  approach. 

2.  Experimental 

2.1.  Film  growth 

A  custom-designed  sputtering  system  fitted  with  a  load-lock 
chamber  capable  of  in  situ  UV  oxidation  experiments  in  controlled 
oxygen  partial  pressure  and  temperature  was  used  in  this  study 
[32].  Substrates  were  cleaned  by  acetone  and  ethanol  for  5  min 
each,  and  then  treated  with  buffered  HF  (2%)  for  2  min  followed  by 
de-ionized  water  cleaning  before  loading  into  the  chamber.  Zr-Y 
metal  alloy  films  were  grown  by  magnetron  co-sputtering  on  Si 
(10  0)  substrates  at  room  temperature  in  sputtering  main  cham¬ 
ber.  Argon  was  used  as  the  process  gas  and  the  pressure  was  kept 
at  5  mTorr  during  the  deposition.  The  composition  ratio  of  Zr/Y  was 
controlled  by  changing  the  gun  power  ( 100-1 50  W  for  Zr,  5-20  W 
for  Y)  during  the  deposition.  Yttria  (Y2O3)  dopant  concentration 
investigated  in  this  study  ranged  from  Omol.%  to  15mol.%.  After 
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~3-4nm  of  Zr-Y  precursor  alloy  was  grown  on  the  substrates, 
the  samples  were  transferred  to  a  load-lock  chamber  and  oxidized 
under  UV  exposure  for  15  min  at  room  temperature  in  100%  O2 
ambient  at  ~1  atm.  The  resultant  oxide  thickness  was  ~5  nm,  which 
corresponds  to  the  self-limiting  thickness  of  Zr  metal  thin  films 
at  room  temperature  grown  under  UV  [33].  A  low  pressure  Hg 
lamp  emitting  primarily  254  nm  and  185  nm  radiation  was  used  as 
the  photon  source  in  this  study.  After  UV  oxidation,  the  load-lock 
chamber  was  immediately  pumped  down  to  ultra-high  vacuum  and 
samples  were  transferred  back  into  the  main  chamber  for  further 
growth.  This  process  was  repeated  up  to  1 0  times,  followed  by  post¬ 
deposition  UV  irradiation  for  1  h  in  air.  Typical  film  thickness  used 
in  this  study  was  nearly  50  nm. 

2.2.  Characterization 

Film  microstructure  was  characterized  by  transmission  elec¬ 
tron  microscopy  (TEM).  Samples  were  mechanically  ground  and 
dimpled  down  to  10-20  pan,  and  then  thinned  to  electron  trans¬ 
parency  by  Ar+  ion  beam  milling.  JEOL  2100  was  used  in  bright  field 
and  dark-field  imaging  as  well  as  selected  area  diffraction  patterns 
(SAED).  Energy  dispersive  X-ray  spectroscopy  (EDS)  and  high-angle 
annular  dark-field  imaging  (HAADF)  were  performed  in  STEM  mode 
using  JEOL  201  OF. 

Electrical  measurements  were  performed  by  ac  impedance 
spectroscopy  using  a  Solartron  electrochemical  system  (SI  1287 
Electrochemical  Interface  and  SI  1206  Impedance  Gain-Phase  Ana¬ 
lyzer)  in  the  frequency  range  of  1  FIz  to  300  kHz.  Pt  paste  was  used 
for  high  temperature  conductivity  measurement  (700-925  °C), 
while  micro-patterned  electrodes  were  used  for  low  temperature 
conductivity  measurements  (<500  °C).  Samples  for  high  tempera¬ 
ture  conductivity  measurement  were  pre-annealed  at  885  °C  in  air 
for  1  h  to  stabilize  Pt  electrodes. 

Micro-patterned  electrodes  were  fabricated  by  dc  sputtering  of 
Pt  at  250  W  in  75  mTorr  Ar  plasma  on  photo-lithographically  cre¬ 
ated  mask  templates.  The  growth  conditions  for  the  Pt  electrodes 
have  been  described  elsewhere  [34].  Fuel  cell  devices  were  fabri¬ 


cated  on  silicon  wafers  using  photolithography,  etching  and  thin 
film  deposition.  Ten  100  pan  x  100  fxm  active  devices  were  fabri¬ 
cated  on  1  cm  x  1  cm  square  Si  wafers.  Si  wafers  were  coated  with 
low-stress  LPCVD  silicon  nitride  on  both  sides,  followed  by  the 
deposition  of  ~50  nm  YDZ  layers  by  UV  oxidation  (described  above) 
and  La0.6Sro.4Coo.8Feo.203_5  (LSCF)  films  by  rf-sputtering  at  room 
temperature.  LSCF  film  deposition  was  conducted  at  room  tem¬ 
perature  for  25  min  at  a  gun  power  of  60  W  in  5  mTorr  Ar  plasma. 
We  have  previously  reported  on  the  structure  and  high  tempera¬ 
ture  conductivity  of  ultra-thin  LSCF  cathodes  synthesized  by  this 
approach  [35,36].  Square  patterns  were  created  on  the  backside 
through  a  photomask  and  silicon  nitride  in  etched  holes  was  etched 
by  reactive  ion  etch  (RIE)  with  O2  and  CF4.  After  RIE,  the  Si  wafer 
was  etched  in  KOH  to  form  pyramidal  wells.  Front  side  nitride  layer 
was  etched  by  RIE  and  a  porous  Pt  anode  was  sputtered  at  250  W 
for  1 5  min  in  75  mTorr  Ar  plasma. 

3.  Results  and  discussion 

3.1.  Microstructure 

A  cross-sectional  micrograph  taken  from  as-grown  Y-doped  zir- 
conia  (with  7.5mol.%  Y203  concentration)  is  shown  in  Fig.  1.  The 
film  is  crystalline  with  randomly  oriented  grains  of  ~5  nm  size.  The 
as-deposited  grain  size  was  nearly  independent  of  Y  doping  con¬ 
centration  as  seen  from  a  comparison  of  undoped,  4.6  mol.%,  and 
7.5mol.%  yttria-doped  zirconia  thin  films  shown  in  Fig.  2  (a),  (b), 
and  (c),  respectively.  Cubic  phase  was  observed  even  in  films  with 
4.6  mol.%  of  yttria  doping  as  we  have  reported  earlier  [32].  The  for¬ 
mation  of  cubic  phase  at  yttria  doping  concentration  lower  than 
8-10  mol.%  has  been  observed  in  nanoscale  systems  and  most  likely 
from  its  large  surface-to-bulk  ratio  and  limited  nucleation  kinetics 
in  the  low  temperature  synthesized  films  [37-41  ]. 

High-resolution  TEM  micrograph  and  corresponding  dark-field 
and  electron  diffraction  patterns  of:  (a)  as-grown  Zr0.soYo.20  metal 
thin  films,  (b)  after  room  temperature  UV  oxidation  (11.3  mol.% 
YDZ),  and  (c)  after  900  °C  1  h  annealing  in  air  are  shown  in  Fig.  3. 


Fig.  1.  Cross-sectional  TEM  micrograph  of  7.5  mol.%  doped  YDZ  film  as-grown  under  photo-excitation. 
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Fig.  2.  Plan  view  dark-field  TEM  micrograph  of  UV  grown  (a)  undoped,  (b)  4.6  mol.%  and  (c)  7.5  mol.%  yttria-doped  zirconia  films  at  room  temperature.  The  scale  bar  for  the 
three  figures  are  identical. 


The  as-grown  precursor  alloy  thin  films  had  crystalline  grains  of 
~5  nm  embedded  in  poorly  crystalline  matrix  as  shown  in  Fig.  3(a), 
which  were  oxidized  into  cubic  zirconia  within  15  min  under  UV 
illumination  at  room  temperature  (Fig.  3(b))  [32].  The  oxidation 
of  Zr-Y  alloy  is  clear  from  the  different  diffraction  ring  radii.  After 
annealing  at  900  °C  for  1  h,  the  grains  were  highly  crystalline  with 
sharp  boundaries  as  seen  in  the  high-resolution  image  in  Fig.  3(c). 
Crystalline  structure  of  YDZ  after  annealing  was  likely  a  mixture 
of  cubic  and  tetragonal  phase,  since  the  tetragonal  (112)  peak 
was  also  seen  in  the  diffraction  pattern  along  with  ring  pattern 
corresponding  to  the  cubic  phase.  Observation  of  the  tetragonal 
phase  when  annealed  in  oxygen  rich  ambient  is  consistent  with 
previous  reports  on  metastable  phase  stabilization  in  ultra-thin 
zirconia  films  wherein  tetragonal  phase  formation  becomes  favor¬ 
able  with  an  increase  in  oxygen  concentration  [41  -44].  Sharp  grain 
boundaries  with  no  pin  holes  were  seen  in  the  cross-sectional  TEM 
micrograph  of  the  identical  film  shown  in  Fig.  4.  Energy  dispersive 
X-ray  microanalysis  (EDS)  elemental  mapping  and  annular  dark- 
field  image  (Z-contrast)  of  UV  grown  film  obtained  by  scanning 


transmission  electron  microscopy  (STEM)  are  shown  in  Fig.  5.  The 
distribution  of  each  element  is  nearly  uniform  throughout  the  film. 
This  uniform  distribution  was  confirmed  for  various  yttria  dop¬ 
ing  concentrations.  A  sample  with  highest  concentration  of  yttria 
(14.6  mol.%)  is  shown  in  Fig.  5  as  a  representative  case. 

3.2.  High  temperature  electrochemical  properties  (>700  °C) 

High  temperature  electrochemical  properties  were  studied  by 
impedance  spectroscopy  with  porous  Pt  electrodes.  Electrochemi¬ 
cal  impedance  spectra  taken  from  1 1.3  mol.%  yttria-doped  zirconia 
film  measured  at  925,  885  and  845  °C  are  shown  in  Fig.  6(a).  The 
plots  show  one  semicircular  arc  with  a  low  frequency  feature  due 
to  the  ion  blocking  effect  of  electrode  interfaces,  similar  to  mea¬ 
surements  on  thin  film  oxides  in  an  in-plane  geometry  [45-47]. 
The  conductivity  of  the  film  was  determined  from  the  low  fre¬ 
quency  intercept  of  the  semicircular  arc  with  the  Z'  axis  (shown 
as  arrows  in  the  figure).  The  high  temperature  conductivity  of  YDZ 
grown  by  UV-assist  and  thermally  grown  films  was  comparable 


Fig.  3.  High-resolution  plan  view  TEM  images  of:  (a)  as-grown  Zro.80Yo.20  alloy  thin  films,  (b)  after  room  temperature  UV  irradiation  (11.3  mol.%  yttria-doped  zirconia),  and 
(c)  after  900  °C  1  h  annealing  in  20%  02  +  80%  N2  ambient.  Corresponding  dark-field  TEM  micrographs  and  selected  area  diffraction  patterns  are  shown  in  (d)-(f). 
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Fig.  4.  Cross-sectional  TEM  micrograph  of  1 1 .3  mol.%  YDZ  after  900  °C  1  h  annealing  in  20%  O2  +  80%  N2  ambient. 


Fig.  5.  EDS  elemental  mapping  and  Z-contrast  image  of  UV  grown  14.6%  YDZ  film. 
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Fig.  6.  Nyquist  plots  measured  by  electrochemical  impedance  spectroscopy:  (a)  UV  grown  11.3  mol.%  yttria-doped  zirconia  films  measured  at  925,  885  and  845  °C  and  (b) 
conductivity  versus  temperature  plot  of  UV  and  thermally  grown  YDZ  films  grown  on  AI2O3  substrate.  Conductivity  value  of  ~50  nm  thin  film  YDZ  grown  by  rf-sputtering  is 
plotted  as  a  reference. 
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Fig.  7.  (a)  Activation  energy  with  respect  to  yttria  doping  concentration  for  UV  and  thermally  grown  YDZ  films,  and  (b)  conductivity  versus  yttria  dopant  concentration  for 
UV  and  thermally  grown  YDZ  films. 


as  seen  in  Fig.  6(b).  Films  synthesized  by  photon-assisted  oxida¬ 
tion  have  similar  activation  energy  (1.0-1.2eV)  and  conductivity 
values  (~0.1  S  cm-1  at  765  °C)  compared  to  thermally  grown  and  rf- 
sputter  deposited  films  [43].  These  values  are  also  consistent  with 
reported  conductivity  data  for  nanoscale  thin  film  YDZ  [31,46]. 

Negligible  differences  were  seen  in  the  activation  energy  and  the 
absolute  conductivity  values  of  the  UV  and  thermally  oxidized  films 
at  various  yttria  doping  concentration  as  shown  in  Fig.  7(a)  and  (b). 
Activation  energy  has  a  minimum  at  around  8  mol.%  doping  and  a 
corresponding  conductivity  change  was  also  observed.  Overall,  it  is 
reasonable  to  conclude  that  the  UV-assisted  films  have  comparable 
electrochemical  properties  to  conventionally  grown  films  at  high 
temperature  (700-900  °C). 

3.3.  Intermediate  temperature  electrochemical  properties 
(<550  °C) 

The  conductivity  of  UV  synthesized  YDZ  at  lower  temperatures 
was  measured  by  utilizing  micro-patterned  electrodes.  Porous  Pt 


electrodes  were  deposited  by  dc  sputtering  following  photolithog¬ 
raphy.  A  detailed  account  of  the  electrode  fabrication  process  can 
be  found  elsewhere  [34].  The  conductivity  of:  (a)  10.0  mol.%  and 
(b)  14.3  mol.%  yttria-doped  zirconia  films  grown  by  UV  and  ther¬ 
mal  oxidation  are  plotted  in  Fig.  8.  Interestingly,  the  conductivity 
of  zirconia  grown  under  UV  irradiation  was  found  to  be  slightly 
lower  than  that  of  films  grown  by  conventional  oxidation  in  this 
temperature  range  (420-570  °C),  while  the  activation  energy  in 
these  two  cases  was  nearly  identical.  This  result  suggests  that 
the  migration  mechanism  in  both  cases  is  similar  (i.e.,  via  oxygen 
vacancies  in  zirconia  [48]),  however,  the  concentration  of  mobile 
carriers  (i.e.,  oxygen  vacancies)  was  slightly  lower  in  UV  treated 
films.  This  is  consistent  with  previous  reports  on  anion  defect 
annihilation  under  photo-excitation  in  zirconia  thin  films  [8,32]. 
The  difference  in  absolute  conductivity  is  much  less  in  14.3  mol.% 
YDZ  films,  likely  because  of  the  saturation  in  effective  oxygen 
vacancy  concentration  for  ionic  transport  due  to  dopant  association 
[49].  The  effective  mobile  carrier  concentration  for  ionic  trans¬ 
port  at  14.3  mol.%  yttria  doping  concentration  is  expected  to  be 


Fig.  8.  Low  temperature  conductivity  of  YDZ  films  grown  with  and  without  UV  irradiation:  (a)  10.0  mol.%  and  (b)  14.3  mol.%  yttria  doping. 
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Fig.  11.  Current/voltage  sweeps  from  LSCF/YDZ/Pt  fuel  cells  at  550  °C.  The  elec¬ 
trolyte  was  a  10.0  mol.%  yttria-doped  zirconia  membrane. 


Fig.  9.  Optical  micrograph  of  p,SOFC  test  device. 

smaller  than  the  value  simply  expected  from  the  charge  neutrality 
condition  Y203  =  2Y'Zr  +  V*#  +  30£,  thereby  the  effect  from  defect 
annihilation  becomes  smaller  compared  to  1 0.0  mol.%  yttria-doped 
films. 

The  results  suggest  that  the  UV  process  is  an  effective  route 
to  tailor  oxygen  stoichiometry  of  oxide  thin  films  when  the  film 
is  oxygen  deficient.  The  difference  from  UV  excitation  becomes 
less  significant  at  higher  temperatures  and  long  annealing  times, 
when  thermal  energy  is  sufficient  to  enable  kinetic  phenomena 
otherwise  uniquely  enabled  by  photo-excitation  at  lower  tempera¬ 
tures.  Although  the  conductivity  is  slightly  lower  in  UV  synthesized 
films  due  to  defective  annihilation,  this  is  perhaps  an  important 
result  demonstrating  the  effect  of  photo-excitation  in  altering  point 
defect  interactions  and  mobile  carrier  concentrations  in  doped- 
oxides  at  intermediate  temperatures  in  the  range  of  interest  for 
pSOFC  operation.  We  anticipate  this  could  be  of  broader  relevance 
towards  understanding  photon-oxide  interactions  and  athermal 
approaches  to  tailor  oxygen  concentration  in  nanoscale  oxides. 

3.4.  Micro-solid  oxide  fuel  cells  (/iSOFC)  with  UV  grown  YDZ 
electrolyte 

Thin  film  solid  oxide  fuel  cells  were  fabricated  utilizing  UV 
grown  YDZ  electrolytes  (containing  10.0  mol.%  yttria).  The  thick¬ 
ness  of  electrolytes,  sandwiched  between  Pt  anode  and  LSCF 
cathode,  was  nearly  50  nm  as  determined  from  X-ray  reflectivity 


measurements.  An  optical  micrograph  of  a  representative  SOFC 
device  is  shown  in  Fig.  9.  Ten  100  pan  x  100  pan  fuel  cells  with 
UV-YDZ  electrolytes  were  fabricated  as  described  in  Section  2.  The 
optical  micrograph  of  a  representative  cell  before  reactive  ion  etch¬ 
ing  (RIE)  of  SiN  layer  (i.e.,  YDZ  supported  on  SiN)  is  shown  in 
Fig.  10(a).  This  membrane  buckled  upon  the  release  of  SiN  sup¬ 
porting  layer  by  RIE  (i.e.,  when  the  YDZ  membrane  is  free  standing) 
due  to  the  compressive  stress  introduced  during  sputter  deposition 
[20]  as  shown  in  Fig.  10(b).  Functional  fuel  cells  were  successfully 
obtained  utilizing  UV  grown  YDZ  films  as  shown  in  Fig.  11.  The 
open  circuit  voltage  of  the  cell  was  ~0.4  V,  which  is  lower  than  the 
theoretical  value  (~1.0V  at  400-600  °C).  Current  and  power  den¬ 
sity  (in  cm-2)  were  calculated  based  on  the  assumption  that  five 
of  1 00  pm  x  1 00  pm  cells  were  under  operation.  The  power  output 
was  ~1 2  mW  cm-2  power  density  at  550  °C,  slightly  lower  than  our 
previous  reported  values,  due  to  the  low  open  circuit  voltage.  The 
low  OCV  likely  originates  from  a  leak  between  anode  and  cathode 
during  measurement.  Overall,  these  initial  fuel  cell  results  suggest 
potential  for  ultra-thin  electrolytes  synthesized  by  photon-assisted 
oxidation. 

4.  Conclusions 

We  have  discussed  photon-assisted  synthesis  of  ultra-thin  YDZ 
membranes,  their  conductivity  and  fuel  cell  performance.  Zr-Y 
precursor  thin  films  were  deposited  by  co-sputtering,  followed 
by  UV-assisted  oxidation  at  room  temperature  in  a  custom  load- 
lock  chamber.  This  process  was  repeated  10  times  to  grow  50  nm 
thick  YDZ  films,  since  the  oxide  growth  is  self-limiting  to  5  nm  at 


Fig.  10.  Optical  micrograph  of  100  p,m  x  100  p,m  square  shape  cells:  (a)  before  RIE  etching  and  (b)  after  RIE  etching. 
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room  temperature.  As-grown  Zr-Y  alloy  films  were  oxidized  into 
crystalline  cubic  zirconia  with  ~5  nm  grains  under  UV  illumina¬ 
tion  in  oxygen  rich  ambient  at  room  temperature.  Conductivity 
studies  were  performed  by  ac  impedance  spectroscopy  over  the 
temperature  range  400-925  °C.  The  high  temperature  conductivity 
of  UV  oxides  was  found  to  be  comparable  to  the  films  grown  by 
other  vapor  deposition  methods,  while  intermediate  temperature 
conductivity  was  slightly  lower.  We  ascribe  this  effect  to  a  reduc¬ 
tion  in  mobile  carrier  concentration  under  photo-excitation  since 
enhanced  oxygen  incorporation  into  the  electrolyte  membrane 
likely  leads  to  lesser  available  oxygen  vacancies  for  carrier  trans¬ 
port.  Micro-SOFC  devices  were  fabricated  using  UV-YDZ  films  and 
~1 2  mW  cm-2  power  density  at  550  °C  was  obtained.  We  anticipate 
these  results  to  be  of  relevance  towards  advancing  photon-assisted 
synthesis  of  ultra-thin  oxide  membranes  for  energy  technologies. 
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